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(57) ABSTRACT
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and an end time of the deceleration output are calculated
using a maximum acceleration and a maximum deceleration
at the time of a maximum output of a control force. A control
force of an actuator 1s set as a maximum acceleration output
from a calculation time to the switching time, the control
force of the actuator 1s set as a maximum deceleration output
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end time are repeatedly calculated, and updated for each
preset time. The control output 1s reduced along with
decrease of residual energy, which i1s a sum of remaining
work and kinetic energy of a control system. From this, an
clement of feedback control 1s incorporated in the time
optimal control, and the control output 1s converged after the

end of the control.
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ACTUATOR CONTROL METHOD AND
ACTUATOR CONTROL DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. national stage application of
PCT/IP2012/070480 filed Aug. 10, 2012, and claims foreign

priority benefit of Japanese Application No. 2011-202769
filed Sep. 16, 2011, in the Japanese Intellectual Property
Oflice, the entire disclosure of which are incorporated herein
by reference.

TECHNICAL FIELD

The present invention relates to an actuator control
method and an actuator control device and, in more detail,
to an actuator control method and an actuator control device
that can incorporate a feedback element by using a control
law to modify an output pattern for each preset time in time
optimal control, and can converge a control output after the
end of the control.

BACKGROUND ART

In conventional control, feedback control of PID control
has been generally used. In the PID control, a control output
1s always determined with a delay from a phenomenon, and
thus, when each control gain of PID 1s increased in an
attempt to increase a control speed, the control no longer
catches up with a phenomenon, and thus, the control
becomes unstable. Particularly, when a mechanical damping,
force of a controlled object remarkably reduces, the control
casily becomes unstable, and the control may diverge in
some cases. As a method for determining each control gain
of the PID control 1n order to avoid the instability of the
control, a control theory, such as an Heo, which can ensure
the stability of control 1s applied. However, under a restric-
tion of the PID control, overshoot and control delay occur
due to load fluctuation.

Also 1 the PID control, when sliding mode control 1s
used, influence of load fluctuation can be theoretically
climinated by switching control gains according to a control
state. However, when a control period 1s lengthened, the
control keeps oscillating and no longer converges. There-
fore, 1n order to completely eliminate the influence of the
load fluctuation, control gains need to be switched at an
infinitely high speed, and high-speed control 1s needed to an
extent that can be said to be infinitely fast with respect to a
phenomenon. Furthermore, since adjustment of each control
gain, such as PID, 1s needed, and quality of adjustment of the
control gain determines quality of control, the adjustment of

the control gain becomes a very important factor.

In addition, these control theories are the theories to make
up for faults of the PID control, and are not techniques
constructed for a purpose of control to “stop a controlled
object at a target position 1n a shortest time”. Therefore, for
this simple purpose, 1t can be said that time optimal control
1s a control method more suitable for the purpose rather than
the PID control.

Simplest time optimal control 1s the control to stop a
controlled object at a target position by accelerating the
controlled object by means of a maximum thrust force up to
a haltway point to the target position, and by decelerating 1t
at a maximum deceleration 1n the rest of the way. Since this
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2

output pattern 1s determined before the start of the control,
the time optimal control can be said to be feedforward
control.

In other words, the time optimal control 1s a control
method for moving a controlled object by a maximum
driving force of an actuator and stopping by a maximum
braking force, and 1s the control that can stop the controlled
object at a target 1n the shortest time 1n theory. That 1s, the
time optimal control 1s the control method that perfectly
meets a purpose of control to “stop the controlled object at
the target position 1n the shortest time”.

For example, as described in Japanese patent application
Kokai publication No. 2000-943°71, as a control device using
the time optimal control, a time optimal control device of a
robot 1s proposed, which includes: a control unit configured
to control a servomotor; a correspondence relation storage
umt configured to store a relation between a controlled
variable on the basis of a value at the time of no load and a
load weight; a load estimation calculation unit; an accelera-
tion/deceleration constant determination unit configured to
determine an acceleration/deceleration constant based on
workpiece information calculated by the load estimation
calculation unit; and a command creation unit configured to
create a command to be delivered to the servo control unit
using the determined acceleration/deceleration constant, and
which lengthens an acceleration time when grasping a
workpiece and shortens the acceleration time when not
grasping the workpiece.

However, while the time optimal control 1s the 1deal
control that can control with the shortest time 1n theory, it 1s
an open control 1n which an output pattern 1s determined by
taking into consideration an imitial velocity, a maximum
acceleration, and a maximum deceleration, and since there 1s
no feedback element, there 1s such a problem that no
modification method can be used when the target and the
controlled variable do not agree, and that it 1s diflicult to
make the target and the controlled variable accurately agree
with each other, and thus the time optimal control 1s rarely
employed 1n actual control.

PRIOR ART DOCUMENT

Patent Document 1: Japanese patent application Kokar pub-
lication No. 2000-94371

SUMMARY OF THE INVENTION

In contrast with this, the present inventors have thought
out an actuator control method and an actuator control
device that use time optimal control, and also calculates a
switching time t1 at which an acceleration output 1s switched
to a deceleration output and an end time t2 of the decelera-
tion output expressed by an elapsed time from a calculation
time tO at which calculation for control 1s performed using
a maximum acceleration up and a maximum deceleration
am, which are previously measured, at the time of a maxi-
mum output of a control force of an actuator, sets the control
force of the actuator as a maximum acceleration output from
the calculation time tO to the switching time tl, sets the
control force of the actuator as a maximum deceleration
output from the switching time t1 to the end time t2, ends the
output of the control force at the end time t2, and also repeats
the calculation step for each preset time, and calculates and
updates the switching time t1 and the end time t2.

Since these control method and control device have
incorporated the feedback element that updates the switch-
ing time and the end time for each preset time by mputting
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a deviation of the target varniable and the controlled variable
at each time of control, an eflect to be able to always obtain
a stable control result can be exerted even though an external
force changes or without shortening a time interval of the
control.

However, 1n these control method and control device, a
problem occurs that a pulsed control output remains to be
generated even though a controlled vanable agrees with a
control target.

The present invention has been made i view of the
above-described circumstances, and an object thereof 1s to
provide an actuator control method and an actuator control
device that incorporates an element of feedback control 1n
time optimal control, and that can converge a control output
aiter the end of the control.

An actuator control method of the present invention for
achieving the object as describe above 1s the method char-
acterized by using time optimal control, and also including:
a calculation step of calculating a switching time (t1) at
which an acceleration output 1s switched to a deceleration
output, and an end time (t2) of the deceleration output
expressed by an elapsed time from a calculation time (10) at
which calculation for control 1s performed using a maximum
acceleration (ap) and a maximum deceleration (om) at the
time of a maximum output of a control force of an actuator,
which are previously measured; a control output step of
setting the control force of the actuator as a maximum
acceleration output from the calculation time (10) to the
switching time (t1), setting the control force of the actuator
as a maximum deceleration output from the switching time
(t1) to the end time (12), and ending the output of the control
force at the end time (12); an update step of repeating the
calculation step for each preset time, and calculating and
updating the switching time (t1) and the end time (t2); and
a control output reduction step of reducing the control output
along with decrease of residual energy, which 1s a sum of
remaining work and kinetic energy of a control system.

That 1s, a target trajectory of the control from a position
of a controlled object at the calculation time t0 to a target
position 1s recalculated in consideration of a deviation and
speed for each constant period or for each irregular period,
which 1s for each preset time, and the switching time t1 and
the end time t2 are updated. These switching time t1 and end
time t2 serve as elapsed times from a recalculated calcula-
tion time t0.

It 1s to be noted that the maximum acceleration ap or the
maximum deceleration am 1s a second-order time derivative
value of a control value, or a second-order difference value
of the control value, and that even a control value, such as
a temperature without motion, can be applied.

According to this method, because of the time optimal
control, a control speed 1s high, the maximum acceleration
ap and the maximum deceleration am can be set by mea-
surement, and there 1s no adjustment term other than these,
so that the control gain need not be adjusted. In addition,
since the control serves as ON/OFF control, an intermediate
output need not be generated, and a controller and a driver
can be simplified.

In addition, since incorporated 1s the feedback element
that updates the switching time t1 and the end time t2 for
cach preset time by mputting a deviation X of the target
variable and the controlled variable at each time of the
control, stable control results can be always obtained even
though an external force changes or without shortening a
time interval of the control. As a result of 1t, a “control
speed” and “‘stability”, which have been competing large
problems in a conventional control law, can be balanced.
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Moreover, a control output can be converged to be zero
after the end of the control by reducing the control output

along with decrease of the residual energy, which is the sum
of the remaining work and the kinetic energy of the control
system.

In addition, in the above-described actuator control
method, when 1n the control output reduction step, values
are set as outputs of the control force, the values being
obtained by multiplying each of the maximum acceleration
output and the maximum deceleration output by the residual
energy, and further multiplying the multiplied values by an
energy gain, which 1s a coellicient for determining a size of
the control output with respect to the residual energy, the
control output can be easily converged to be zero after the
end of the control.

In addition, 1n the above-described actuator control
method, when 1n the update step, values obtained by mul-
tiplying the maximum acceleration and the maximum decel-
eration by a control output limit value are recalculated as a
new maximum acceleration and maximum deceleration, the
control output can be easily converged to be zero after the
end of the control.

In addition, in the above-described actuator control
method, given that 1n the calculation step, a trajectory from
a position at the calculation time t0 to a target position at the
end time t2 1s represented by a combination of adjacent two
quadratic curves, an initial velocity 1s set as VO, and that
deviation of the target position and a controlled varnable 1s
set as X, when the switching time t1 and the end time {2 are
calculated by Expressions (1) and (2),

|Formula 1]

— 2]l —a2)VO +

Expression (1)

Vel - a2 V02 — 4(al - a2)(VO2 - 21X a2)el

71
2al(al —al)

|Formula 2|

- —(al —a2yl - VO Expression (2)

7=
: a2

the switching time t1 and the end time t2 can be easily
calculated. It 1s to be noted that ol 1s the maximum
acceleration ap or the maximum deceleration om from the
calculation time t0 to the switching time tl1, and that a2 1s
the maximum deceleration cum or the maximum acceleration
ap from the switching time t1 to the end time t2.

Additionally, an actuator control device of the present
invention for achieving the object as describe above uses the
time optimal control, and 1s configured to include: a calcu-
lation unit configured to calculate the switching time t1 at
which the acceleration output 1s switched to the deceleration
output, and the end time t2 of the deceleration output
expressed by the elapsed time from the calculation time tO
at which calculation for control 1s performed using the
maximum acceleration ap and the maximum deceleration
am at the time of the maximum output of the control force
of the actuator, which are previously measured; a control
output unit configured to set the control force of the actuator
as the maximum acceleration output from the calculation
time t0 to the switching time tl, set the control force of the
actuator as the maximum deceleration output from the
switching time t1 to the end time t2, and to end the output
of the control force at the end time t2; and also an update unit
configured to repeatedly calculate, and update the switching




US 9,519,275 B2

S

time t1 and the end time t2 by the calculation unit for each
preset time; and further a control output reduction umit

configured to reduce the control output along with decrease
of the residual energy, which 1s the sum of the remaining
work and the kinetic energy of the control system.

In addition, in the above-described actuator control
device, the control output reduction unit 1s configured to set
values as outputs of the control force, the values being
obtained by multiplying each of the maximum acceleration
output and the maximum deceleration output by the residual
energy, and further multiplying the multiplied values by an
energy gain, which 1s a coeflicient for determining a size of
the control output with respect to the residual energy.

In addition, in the above-described actuator control
device, the update unit 1s configured to recalculate values
obtained by multiplying the maximum acceleration and the
maximum deceleration by a control output limit value as a
new maximum acceleration and maximum deceleration.

In addition, in the above-described actuator control
device, given that a trajectory from a position at the calcu-
lation time tO to a target position at the end time t2 1s
represented by a combination of adjacent two quadratic
curves, an 1nitial velocity 1s set as VO, and that a deviation
of the target position and a controlled variable 1s set as X, the

calculation unit 1s configured to calculate the switching time
t1 and the end time t2 by Expressions (1) and (2).

|Formula 1]

—2Aal —a2)V0 +

Expression (1)

VAl — a2 V02 — 4(al — a2)(VO2 - 21X a2)el

71
2al(al —al)

|Formula 2]

_ —(al =a2)l - VO Expression (2)

12
a2

It 1s to be noted that al 1s the maximum acceleration ap
or the maximum deceleration am from the calculation time
t0 to the switching time tl, and that ¢.2 1s the maximum
deceleration am or the maximum acceleration ap from the
switching time tl1 to the end time t2.

In addition, in the above-described actuator control
device, by Table 1, determined are the acceleration o1 from
the calculation time tO to the switching time tl, and the
acceleration a2 from the switching time tl to the end time

t2.
TABLE 1

Al X>0 V>0 V04/2am > X al = am, a2 = ap
A2 VO04/2am < X al = ap, a2 = am
A3 Vo =<0 al = ap, a2 = am
A4 X <0 Vg>0 al = am, a2 = ap
A5 V<0 VO 2ap > X al = am, a2 = ap
A6 VO 2ap < X al = ap, a2 = am

According to the actuator control device configured as
described above, the above-described actuator control
method can be carried out, and a similar effect can be
exerted.

According to the actuator control method and the actuator
control device pertaining to the present invention, because
of the time optimal control, the control speed 1s high, the
maximum acceleration and the maximum deceleration can
be set by measurement, and there 1s no adjustment term
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other than these, so that the control gain need not be
adjusted. In addition, since the control serves as the ON/OFF
control, the mntermediate output need not be generated, and
the controller and the driver can be simplified.

In addition, since incorporated 1s the feedback element
that updates the switching time and the end time for each
preset time by mputting the deviation of the target variable
and the controlled variable at each time of the control, stable
control results can be always obtained even though the
external force changes or without shortening the time nter-
val of the control. As a result of 1t, the “control speed” and
the “stability”, which have been competing large problems
in the conventional control law, can be balanced.

Moreover, the control output can be converged after the
end of the control by reducing the control output along with
decrease of the residual energy, which 1s the sum of the
remaining work and the kinetic energy of the control system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a time optimal control model
for explaining time optimal control used for an actuator
control method of an embodiment of the present invention.

FIG. 2 1s a graph for explaining calculation conditions of
control trajectories.

FIG. 3 1s a graph for explaining the change of control
trajectories 1n recalculation.

FIG. 4 1s a graph showing target trajectories that can be
traced by 1(t) and g(t).

FIG. 5 1s a diagram showing one example of a control
flow of the actuator control method of the embodiment of the
present 1nvention.

FIG. 6 1s a diagram showing a detailed control tlow of step
S18 of the control flow of FIG. 5.

FIG. 7 1s a graph showing residual energy in the time
optimal control in the actuator control method of the
embodiment of the present invention.

FIG. 8 1s a graph showing one example of a relation
between the residual energy and a control output (control
output limit value) 1n the actuator control method of the
embodiment of the present invention.

FIG. 9 1s a graph showing another example of the relation
between the residual energy and the control output (control
output limit value) in the actuator control method of the
embodiment of the present invention.

FIG. 10 1s a graph showing a control result in a case where
there 1s no damping force of a mechanical system of
teedback time optimal control in which an energy gain has
been introduced in the actuator control method of the
embodiment of the present invention.

FIG. 11 1s a graph showing a control result in a case where
there 1s a damping force of the mechanical system of the
teedback time optimal control 1n which the energy gain has
been introduced in the actuator control method of the
embodiment of the present invention.

FIG. 12 1s a graph showing control results of a working,
example and a comparative example 1n a case where a
damping coetlicient of the mechanical system 1s 1.

FIG. 13 1s a graph showing control results of the working
example and the comparative example 1n a case where the
damping coeflicient of the mechanical system 1s 0.1.

FIG. 14 1s a graph showing control results of the working
example and the comparative example 1n a case where the
damping coetlicient of the mechanical system 1s 2.

FIG. 15 1s a graph showing a simulation result of the
working example.
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FIG. 16 1s a graph showing a simulation result of the
comparative example.

FI1G. 17 1s a graph showing a control result 1in a case where
there 1s no damping force of the mechanical system of the
teedback time optimal control 1n which the energy gain has
not been introduced 1n an actuator control method serving as
a useful reference of the present invention.

FIG. 18 1s a graph showing a control result 1n a case where
there 1s a damping force of the mechanical system of the
teedback time optimal control in which the energy gain has
not been mtroduced 1n the actuator control method serving
as the usetul reference of the present invention.

FI1G. 19 1s a graph showing a control result 1in a case where
there 1s no damping force of a mechanical system of time
optimal control of a conventional technology.

FI1G. 20 1s a graph showing a control result 1n a case where
there 1s a damping force of the mechanical system of the
time optimal control of the conventional technology.

FIG. 21 1s a diagram showing a PID control model for
explaining PID control.

FIG. 22 1s a graph showing residual energy of the PID
control.

DESCRIPTION OF TH.

(L.
1]

EMBODIMENTS

Hereinafter, with reference to drawings, will be explained
an actuator control method and an actuator control device of
an embodiment pertaining to the present invention. It 1s to be
noted that the actuator control method and the actuator
control device will be explained here comparing with PID
control 1n order to clarily time optimal control of the present
invention.

The actuator control device of the embodiment pertaining
to the present invention uses the time optimal control, and 1s
configured to include: a calculation unit; a control force
output unit; an update unit; and a control output reduction
unit.

This calculation unit calculates a switching time t1 at
which an acceleration output 1s switched to a deceleration
output, and an end time t2 of the deceleration output
expressed by an elapsed time from a calculation time tO at
which calculation for control 1s performed using a maximum
acceleration ap and a maximum deceleration am at the time
of a maximum output of a control force of an actuator, which
are previously measured.

In addition, the control output unit sets the control force
of the actuator as a maximum acceleration output from the
calculation time tO to the switching time t1, sets the control
force of the actuator as a maximum deceleration output from
the switching time t1 to the end time t2, and ends the output
of the control force at the end time t2.

Furthermore, the update unit 1s configured to update the
switching time t1 and the end time t2 repeatedly calculated
by the calculation unit for each preset time of a constant
period or an irregular period. In addition, the control output
reduction unit reduces a control output along with decrease
of residual energy, which 1s a sum of remaining work and
kinetic energy of the control system.

Given that a trajectory from a position at the calculation
time t0 to be recalculated to a target position 1s represented
by a combination of two adjacent quadratic curves, an 1nitial
velocity 1s set as VO, and that a deviation of a target variable
and a controlled variable 1s set as X, the calculation unit
calculates the switching time t1 and the end time t2 by the
following two Expressions (1) and (2).
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|Formula 1]

—2Hal —a2)VO +

Expression (1)

VAl - a2 V02 — 4(al — a2)(VO? - 21X a2)al

1 el(al — a2)

|Formula 2|

—(al — a2yl - VO

E 1 2
 _ Xpression (2)
2

Here, a1 1s the maximum acceleration ap or the maxi-
mum deceleration am from the calculation time tO to the
switching time t1, and .2 1s the maximum deceleration am
or the maximum acceleration ap from the switching time tl
to the end time t2.

In addition, the time optimal control used for the actuator
control method of the embodiment of the present invention
1s equivalent to a machine model 1n which a weight m shown
in FIG. 1 goes down and goes up an inclined surface. As 1n
FIG. 1, when the weight 1s released to the inclined surface
after lifted, the weight goes down the inclined surface at a
constant acceleration due to the gravity, and subsequently
goes up an mnclined surface of an opposite side at a constant
deceleration. If there 1s no energy loss, such as friction, a
velocity of the weight m becomes zero when it reaches a
position with a same height as a start position, and the
weight stops for a moment. If the gravity disappears at this
time, the weight m continues to stop at the position.

When this 1s replaced with a control system that moves a
controlled object by the actuator, 1n a case where the weight
1s pushed by a maximum thrust force of an actuator, and
subsequently pulled back by the maximum thrust force of
the actuator, the controlled object stops when an amount of
work mput when the weight 1s pushed, and an amount of
work mput when 1t 1s pulled back are balanced with each
other. In a manner as described above, 11 a position where the
controlled object stopped 1s the target position, control 1s
ended.

That 1s, since in the time optimal control, the controlled
object 1s accelerated and decelerated by the maximum thrust
force of the actuator, and 1s controlled to be the target
position, the control can be performed 1n a shortest time 1n
theory. In addition, since a control output pattern at this time
1s determined belore the start of the control, the time optimal
control serves as feediforward control.

In contrast with this, the PID control of a conventional
technology 1s the control based on a damped oscillation
model of a basic mass m, spring, and damper system as
shown 1n FIG. 21, and the spring fulfills a role of a P term,
and a dash pod fulfills a role of a D term. It 1s to be noted
that although a correction term of a zero point serves as an
I term, there 1s little physical meaning 1n the I term here.

When the control 1s considered with energy conversion, 1n
a case where as shown 1n the middle of FIG. 21, the spring
1s bent as target displacement by inputting a target position,
and strain energy of the spring 1s input to the control system,
a weight (mass m) 1s pulled by a spring force, and starts to
move. At this time, conversion into kinetic energy from the
strain energy 1s performed. When the weight m starts
motion, kinetic energy 1s converted into thermal energy by
the dash pot, and energy 1s released to an outside of the
system. When all the mitially input strain energy of the
spring 1s converted into thermal energy, the weight m, which
1s the controlled object, stops at the target position as shown
in the lower of FIG. 21. It 1s to be noted that since a control
output 1s determined from a motion state of the controlled
object 1 the PID control, the PID control serves as the
teedback control.
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As described above, it can be said that the time optimal
control and the PID control are tundamentally different
control, but meanwhile, when a P gain and a D gain of the
PID control are remarkably increased, and an upper limit of
an output 1s cut 1 a maximum output of the actuator, a
control output wavetform of the PID control approaches a
control output waveform of the time optimal control, and

thus 1t can also be considered that the time optimal control
1s the control 1n which the PD gains of the PID control have
been increased to a limit. However, 1n the PID control, when
the PD gains are increased too much, the control usually
diverges due to delay 1n calculation and the control. This 1s
because the PID control 1s the feedback control, a control
output 1s determined always with a delay from a phenom-
enon, and thus the control diverges when the delay becomes
too large.

In contrast with this, since the time optimal control serves
as the feedforward control, and a control output in consid-
cration of the start to the stop 1s determined always prior to
a phenomenon, the control 1s stable, and the control does not
diverge even though 1n the time optimal control, generated
1s the control output equal to that of the PID control in which
the PD gains are increased to the limat.

A simplest example of the time optimal control 1s shown
in FIGS. 19 and 20. FIG. 19 shows a case where there 1s no
damping force of a mechanical system, and FIG. 20 shows

a case where there 1s a damping force of the mechanical
system. In FIGS. 19 and 20, the actuator 1s actuated from the
calculation time t0 toward a target by the maximum thrust
force, the actuator 1s then actuated by the maximum decel-
eration at the switching time t1, and subsequently an actua-
tor thrust force 1s set to be zero at the end time t2. As
described above, 1n the time optimal control, the control can
be performed 11 the switching time t1 and the end time {2 are
determined. The switching time tl1 and the end time t2 can
be determined based on the following calculation condi-
tions.

In the calculation conditions, i1t 1s assumed that a con-
trolled object reaches a target tracing on adjacent two
quadratic curves. Additionally, set as known values are: the
maximum acceleration ap that can be generated by the
actuator; the maximum deceleration am that can be gener-
ated by the actuator; a deviation X (=target variable-con-
trolled variable: a diflerence between a target position and a
position at the time of control) between the target variable
and the controlled variable at the calculation time t0; and a
velocity VO of the controlled object at the calculation time
t0, and 1t 1s set as constraint conditions that the two quadratic
curves get contact with each other at the switching time t1,
the velocity of the controlled object 1s set as zero at the end
time t2 (V=0), and that the deviation X is set as zero at the
end time 12 (X=0), whereby the switching time t1 and the
end time t2 are figured out.

A control trajectory 1s assumed to include two quadratic
curves 1(t) and g(t) as shown 1n FIG. 2, and based on the
tollowing conditions, figured out are the switching time t1 at
which a control output 1s switched and the end time t2 at
which the control output 1s ended. In addition, accelerations
al and a2 are determined from Table 1. In addition, VO 1s
a first-order derivative value (or difference value) of the
controlled vanable obtained during the control.

Calculation conditions are the following (1) to (7).

(1) The maximum acceleration ap and the maximum
deceleration am that can be generated at the time of a
maximum output of the actuator are known, 1.¢., they can be
obtained by a previously measured acceleration.

(2) The velocity VO at the calculation time tO 1s known,
1.€., 1t can be obtained by a first-order derivation (or difler-
ence) ol a measured value.
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(3) A value of a first quadratic curve 1{(t0) at the calcula-
tion time t0 1s zero.

(4) A first-order derivative value of the first quadratic
curve 1(t0) at the calculation time t0 1s a velocity (an 1nitial
velocity) at the time to.

(5) A second quadratic curve g(t) gets contact with the first
quadratic curve 1(t) at the switching time t1.

(6) A value of a second quadratic curve g(t2) at the end
time t2 1s a target value.

(7) A first-order derivative value of the second quadratic
curve g(t) at the end time 12 1s zero.

The following Expressions (3) to (13) are obtained from
the above conditions. These Expressions are simultaneously
used, thereby the switching time t1 and the end time t2 of the
output are figured out, and the accelerations c.1 and a2 are
figured out. Here, al 1s an acceleration from the calculation
time t0 to the switching time t1, a2 1s an acceleration from
the switching time tl to the end time t2, a.2=cm when
a.l=ap, and a2=op when al=am.

|Formula 3]

f(O=ar* +Br+y Expression (3)

g(t) =6t +er +¢ Expression (4)

f)=0 Expression (5)
d f(0) _vo Expression (6)
di
d* £(0) Expression (7)
=l
d r*

frl) = g(l)

dftl) dg(zl)

Expression (8)

Expression (9)

dri dr
g(i2)=X Expression (11)
dg(rl) _ 0 Expression (12)
dr
d* g(12) Expression (13)
= a2
dr*

According to Expressions (3) and (3),
[Formula 4]

v=0 Expression (13)

According to Expressions (3), (6), and (13),

|[Formula 5]
cfv;(:)) 2004 B=f= VO Expression (14)

According to Expressions (3) and (7),

|Formula 6]
d* £(0) Expression (15)
=2 =«l
d
B al
YT
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According to Expressions (4) and (12),

|Formula 7]
5 a2
2

According to Expressions (4), (11), and (16),

|Formula 8]
deo(t2
‘ZEI ) =20-12+e=a-12+c=0

c=—-a2-1?
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Expression (16)
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Expression (17)

25

According to Expressions (4), (10), (16), and (17),

[Formula 9]

gt =612 +2-12+¢

2
= 7:22 —a2-12° +¢

a2

_ T2 s
= 2r2+§ X

Expression (18) 1s transformed,

|Formula 10]

2
§=X+%r22

30

Expression (138)
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Expression (19)

50

According to Expressions (3), (5), (9), (15), (16), (17),

and (19),

|Formula 11]

df(rl) dg(il)
dr  di

al-tl =V0=a2-tl —a2-12
—(al —a2)l - VO

- a2
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Expression (20)
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According to Expressions (3), (5), (8), (15), (16), (17),

(19), and (20),

Expression (21)

Expression (22)

Expression (23)

|Formula 12]
5 @l @l
7:1 + V0.1l = 7:1 —a2-t2-11 + X + =12
(@l —a2)
= 5 1+ (VO + a2 -2l —
a2
X - —n°
5 I
l—-a?
_lal-a )r12+1f’0+
2
—(al —a2)l — VO
[{1{2 ]rl —
a2
:;1{2[—((151 — a2l - VO
2 a2
(@l —a2)
— — 12 -
5 I
, (@l — a2)l + V0)*
- 2 a2
(@l —a2)
= — 11- —
2
N (@l —a2)%11* +2V0(al — a2l + V0?
a2
= —a2(al — a2)*1l* —2a2-X — (ol —a2)*11* —
Vel — a2l — VO?
= —al{al — a2)%11? - 2V0(al — a2)
1 —2a22-X - V0* =0
allal — a2y 11* +2(al — a2)VO-
1 +202-X + V0 =0
Expression (21) 1s transformed,
[Formula 13]
(al-a2)al112+2(al-a2)V0-11+ V0% +2.X-02=0
A formula for a solution of quadratic equations 1s applied
to (22),
|Formula 14]
— 2l —a2)VO +
| \/ Aal — a2 V0?2 —4(al —a2)(V022 = 2Xa2)al
0= dal(al — )

Expression (23) 1s substituted 1n Expression (20), and t2

1s obtained.

Here, trajectories that can be traced by 1(t) and g(t) are six
kinds of Al to A6 shown in FIG. 4. These six kinds are

divided by the case.

When X>0 and V0>0, Al 1s a state of exceeding the target
even though the velocity 1s decreased with the maximum
deceleration am generated by the actuator. Given that set as
t3 1s a time until the velocity becomes zero when decelerated
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by the maximum deceleration am, i1t 1s established that
t3=V0/am, and a condition to overshoot at the time t3 1s
VOxt3/2=V0*/2om>X.

When X>0 and V0>10, A2 1s a state of not exceeding the
target 11 the velocity 1s decreased with the maximum decel-
cration am generated by the actuator. When calculation 1s

performed similar to Al, a condition not to overshoot at the
time t3 is VO*/2om<X.

A3 1s under a condition where X>0 and V0<0, and A4 1s
under a condition of X<0 and V0>0. In addition, when X<0
and V0<0, A5 1s a state of not exceeding the target if the
velocity 1s decreased with the maximum deceleration op
generated by the actuator. When calculation 1s performed
similar to Al, a condition not to overshoot at the time t3 1s
VO /20p>X.

When X<0 and V0<0, A6 1s a state of exceeding the target
even though the velocity 1s decreased with the maximum
deceleration ap generated by the actuator. When calculation
1s performed similar to Al, a condition to overshoot at the
time t3 is VO*/2op<X.

Al, A2, and A3 are changes from upper convexes to lower
convexes, and 1t 1s established that ol =om<0 and a.2=cp=>0,
while A4, A5, and A6 are changes from lower convexes to
upper convexes, and it 1s established that al=ap>0 and
a2=am<0. From these, a1l and o2 are determined. Case
division of the above 1s shown 1n Table 1.

TABLE 1
Al X>0 V5>0 V04/2am > X al = am, a2 = ap
A2 V0?/2am < X al = ap, 02 = am
A3 Vo =<0 al = ap, a2 = am
A4 X<0 V5>0 al = am, a2 = ap
AS Vo <0 V04 2ap > X al = am, a2 = ap
A6 V0%/2ap <X al = ap, a2 = am

.l and o2 figured out in the manner as described above
are multiplied by a virtual mass m to thereby figure out an
actuator thrust force. That 1s, the actuator thrust force 1s an
actuator thrust force 1 (=alxvirtual mass) from the calcu-
lation time tO to the switching time tl, and 1s an actuator
thrust force 2 (=a2xvirtual mass) from the switching time t1l
to the end time t2.

The time optimal control used in the actuator control
method of the embodiment of the present invention can be
performed by a control flow shown 1 FIGS. 5 and 6. When
this control flow starts, data of the maximum acceleration ap
and the maximum deceleration am 1s read 1n step S11. In
next step S12, data of a target variable (target value) Tx and
a controlled variable (control value) x are read. Along with
that, an elapsed time t and a recalculation elapsed time tc are
started to be counted. In step S13, 1t 1s determined whether
or not the time 1s a period of trajectory recalculation, 1.e., 1t
1s determined whether or not the recalculation elapsed time
tc after performing trajectory calculation 1s not less than a
period ter of the trajectory recalculation. It the recalculation
clapsed time tc 1s the period tcr of the trajectory recalcula-
tion 1n step S13 (YES), trajectory calculation 1s re-per-
formed 1n step S14, and subsequently the process proceeds
to step S15, and if the recalculation elapsed time tc 1s not the
period of the trajectory recalculation 1n step S13 (NO), the
trajectory calculation of step S14 1s bypassed, and the
process proceeds to step S18. It 1s to be noted that although
the period tcr of the trajectory recalculation 1s preferably set
as approximately Yo of a control period, there arises no
problem even though the period tcr of the trajectory recal-
culation 1s set to be the same as the control period.
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In the trajectory calculation of step S14, the 1mmitial veloc-
ity VO 1s calculated by “VO=(x-x_,)/tcr” (x_, 1s a controlled
variable before the calculation period), kinetic energy E 1s
calculated by “E=V0°/2”, al and ¢2 are determined from
Table 1, and the switching time t1 and the end time t2 are
calculated according to Expressions (23) and (20). In addi-
tion, the recalculation elapsed time tc 1s reset to be zero
(Tc=0).

Next, 1n step S13, calculated 1s an acceleration limit value
(a control output limit value) for limiting an acceleration.
The acceleration limit value 1s the value obtained by mul-
tiplying a sum (residual energy) of the kinetic energy E and
an absolute value W/ of remaining work W by an E gain.
That 1s, 1t 1s established that “acceleration limit value=(E+
IWI)xE gain™.

Since a maximum value of the acceleration limit value 1s
1, 1t 1s determined whether or not the acceleration limit value
1s larger than 1 in step S17, and 11 1t 15 larger than 1 (YES),
the acceleration limit value 1s set as 1 1 step S17, and
subsequently the process proceeds to step S18. If the accel-
eration limit value 1s not larger than 1 1 step S17 (NO), the
value 1s kept as it 1s, and the process proceeds to step S18.

In step S18, as shown 1n FIG. 6, when the process enters
step S18, 1t 15 determined whether or not the elapsed time t
1s smaller than the switching time t1 1n first step S18a, 11 1t
1s smaller (YES), the process proceeds to step S18b, an
output acceleration 1s set as an “alxacceleration limait
value”, and subsequently the process proceeds to step S19.
If the elapsed time t 1s not smaller than the switching time
tl 1 step S18a (NO), the process proceeds to step S18c, 1t
1s determined whether or not the elapsed time t 1s smaller
than the end time t2, and 11 1t 1s smaller (YES), the process
proceeds to step S18d, the output acceleration 1s set as an
“o2xacceleration limit value”, and subsequently the process
proceeds to step S19. In addition, 11 the elapsed time t 1s not
smaller than the end time t2 1n step S18¢ (NO), the process
proceeds to step S18e, the output acceleration 1s set as
“zero”, and subsequently the process proceeds to step S19.

In step S19, the actuator thrust force corresponding to the
output acceleration 1s generated during a preset time (a time
relevant to an iterval of various types of determination),
and the controlled object i1s controlled. In addition, the
clapsed time t and the recalculation elapsed time tc are
counted. After that, the process returns to step S12, and
repeats steps S12 to S19. From this, the thrust force of the
actuator can be controlled while the trajectory calculation of
step S14 1s recalculated every time when the recalculation
clapsed time tc has elapsed the period tcr of the trajectory
recalculation.

It 1s to be noted that when a circumstance where the
control of FIG. 5 should be ended, such as the elapsed time
t exceeding the preset time, and a switch signal to end the
control being input, occurs, mterruption occurs even though
any step of this control tlow 1s carried out, the process
proceeds to a return, returns to a high-order control flow, and
the control flow of FIG. 5 1s also ended simultaneously with
the end of the high-order control tlow.

Operation of the actuator 1s switched at the switching time
tl and the end time t2 that have been figured out in the
manner as described above, and thereby an 1deal control
result as shown 1n FIG. 19 1s obtained. However, this result
1s the result under an i1deal situation where there are no
friction, damping, error, etc. When a mechanical damping
force exists 1 a controlled object, a control result does not
agree with a target as shown 1n FIG. 20.

In order to solve this problem, 1n the actuator control
method of the present invention, a target trajectory 1s modi-
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fied for each preset time of a constant period or an 1rregular
period. Changes of the control trajectory by means of the
recalculation are shown 1n FIG. 3. In this FIG. 3, when a
control trajectory (dotted line) of first calculation 1s actually
an X2 although 1t 1s gomng to be an X1, a new control
trajectory (solid line) 1s calculated by means of recalcula-
tion, the switching time t1 and the end time t2 also have new
values, and a control force 1s controlled based on these new
switching time t1 and end time t2.

In FIGS. 17 and 18, shown are control results when the
switching time t1 and the end time t2 are recalculated for
cach constant period. Recalculation 1s carried out at the
timing of rising of a signal pulse. This time optimal control
method 1s here referred to as a FB (feedback) time optimal
control method 1n order to distinguish from a time optimal
control method of a conventional technology. Although a
case where there 1s no damping force of a mechanical system
1s shown 1n FIG. 17, and a case where there 1s a damping
force of the mechanical system 1s shown n FIG. 18, 1t turns
out that the controlled object can be made to agree with a
target position by a substantially ideal trajectory even when
there 1s a mechanical damping force 1n the controlled object
as shown in FIG. 18 as a result.

However, even though the controlled variable agrees with
the control target, 1t turned out that a pulsed control output
remained to be generated.

As a method that solves this problem and converges the
control output after the end of the control, the present
invention employs a method that reduces the control output
along with decrease of the residual energy defined as the
sum of the remaiming work and the kinetic energy of the
control system. In addition, used 1s the energy gain (E gain)
as a coellicient for determining a size of the control output
with respect to the residual energy.

Here, a value obtained by multiplying the acceleration o2
near the target position by the deviation X and the mass m
1s defined as remaining work, and the residual energy 1is
defined as the sum of the remaiming work and the kinetic
energy. That 1s, 1t 1s established that “remaining work=a2x
Xxm”, and that “residual energy=Iremaining work|+kinetic
energy’ .

Here, “m” 1s a mass of the control system (may be a virtual
mass), and 1t 1s defined that “m=actuator maximum thrust
force/a2”.

Temporal change of the residual energy defined as
described above 1s shown 1n FIG. 7. As shown 1n this FIG.
7, since the residual energy becomes zero only when devia-
tion=0 and velocity=0, 1t becomes possible to utilize the
residual energy as an evaluation value of the control.

Additionally, 1n the control, the control output desirably
becomes zero simultaneously with the end of the control in
order to stabilize the control and to reduce energy consump-
tion. Consequently, the control output i1s set to be zero
simultaneously with the end of the control by multiplying
the control output by the appropriate residual energy as the
evaluation value of the end of the control. Specifically, 1n
accordance with map data in which a relation between
“residual energyxE gain and control output limit value™ as
shown 1n FIGS. 8 and 9 has been made into data, a control
output limit value 1s determined, and a value obtained by
multiplying the maximum thrust force by the control output
limit value 1s set as the control output. A maximum value of
the control output limit value 1s 1. In addition, at the time of
recalculation 1n each preset time of the constant period and
the wrregular period, values obtained by multiplying the
maximum acceleration and the maximum deceleration by
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the control output limait value are recalculated as a maximum
acceleration and a maximum deceleration.

From this, the actuator thrust force becomes an “actuator
thrust force=actuator maximum thrust Zforcexresidual
energyxE gain”. Results of this control are shown in FIGS.
10 and 11. It turns out that the control output 1s also zero
when the controlled variable becomes the control target, and
the controlled object agrees with the target.

It 1s to be noted that just for reference, although a model
used as a base diflers in the time optimal control, the residual
energy 1n the PID control can be used as an evaluation index
ol control used 1n evaluation of the control used for quality
engineering being carried out, and 1t can be defined as a sum
of potential energy and kinetic energy of the control system.

The potential energy of the control system in the PID
control 1s strain energy of a spring system, and given that a
difference between a target and a control value 1s set as a
strain amount X, and that a spring constant of the control
system 1s set as k (corresponding to the P term), the potential
energy can be defined as “(1%2)*kx*=(¥2)*Px>". In addition,
given that a mass of the control system 1s set as m (it may
be a virtual mass), and that a velocity 1s set as dx/dt=v, the
kinetic energy of the control system can be defined as
“(1A)*mv>".

When considering here what it means that control 1s
ended, it 1s obvious that the end of the control 1s a time when
deviation 1s zero and the velocity 1s also zero. In other
words, 1t 1s the time when potential energy=0 and kinetic
energy=0. That 1s, 1t can be determined that the control 1s
ended when residual energy=0, the residual energy being the
sum of the potential energy and the kinetic energy. A general
control waveform 1n the residual energy i1s formed as FIG.
22, and the residual energy monotonically reduces from the
start of the control, and becomes zero simultaneously with
the end of the control even 1f there 1s an overshoot, 1t turns
out that the residual energy 1s appropriate as the evaluation
value of the control.

In FIGS. 12 to 14, shown are comparison results of a
working example of the feedback time optimal control and
a comparative example of the PID control. In both control,
control gains were adjusted on the basis of a time when a
damping coeflicient of the mechanical system shown in FIG.
12 was set as 1. In FIGS. 13 and 14, only the damping
coellicients of the mechanical system were changed to 0.1
and 2 with the control gains being fixed. First, when FI1G. 12
1s seen, substantially equal results are shown although the
control 1s performed a little faster 1n the comparative
example of the PID control. In contrast with this, in a case
of FIG. 13 where the damping coetlicient 1s made small,
whereas a control result without any overshoot 1s obtained in
the working example of the FB time optimal control, a large
overshoot 1s generated 1n the comparative example of the
PID control. Meanwhile, 1n a case of FIG. 14 where the
damping coellicient 1s made large, while a controlled target
quickly reaches a target in the working example of the
teedback time optimal control, a speed 1s largely reduced
just before the target, and a response to the target becomes
slow 1n the comparative example of the PID control. As
described above, 1t turns out that a control result more stable
than 1n the comparative example of the PID control 1s
obtained 1 the working example of the feedback time
optimal control with respect to resistance change expressed
indicated by the change of the damping coeflicient of the
controlled object.

Furthermore, a simulation result of the working example
of the feedback time optimal control 1s shown in FIG. 15,
and a simulation result of the comparative example of the
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PID control 1s shown in FIG. 16. When these results are
compared with each other, whereas control results greatly
change with respect to load fluctuation of the control system
in the comparative example of the PID control shown 1n
FIG. 16, control results have no disorder and the stable
control results are always obtained 1n the working example
of the feedback time optimal control shown 1n FIG. 15. That
1s, whereas the control results greatly change with respect to
the load fluctuation of the control system in the comparative
example shown in FIG. 16, the control results have no
disorder and the stable control results are always obtained 1n
the working example of FIG. 15.

Accordingly, according to the above-described actuator
control method and actuator control device, because of the
time optimal control, a control speed 1s high, a maximum
acceleration and a maximum deceleration can be set by
measurement, and there 1s no adjustment term other than
these, so that a control gain need not be adjusted. In addition,
since the control serves as ON/OFF control, an intermediate
output need not be generated, and a controller and a driver
can be simplified.

In addition, since incorporated 1s the feedback element
that updates the switching time t1 and the end time t2 for
cach preset time by mputting the deviation X of the target
variable and the controlled variable at each time of the
control, stable control results can be always obtained even
though an external force changes or without shortening the
control period. As a result of 1t, a “control speed” and
“stability””, which have been competing large problems 1n a
conventional control law, can be balanced.

Moreover, a control output can be converged to be zero
alter the end of the control by reducing the control output
along with decrease of the residual energy, which is the sum
of the remaining work and the kinetic energy of the control
system.

According to the actuator control method and the actuator
control device of the present invention, since a control speed
1s high, and a control gain need not be adjusted, and control
serves as ON/OFF control, an mtermediate output need not
be generated, and a controller and a driver can be simplified,
and additionally, since incorporated 1s a feedback element
that updates a switching time and an end time for each preset
time by iputting a deviation of a target variable and a
controlled variable at each time of the control, stable control
results can be always obtained even though an external force
changes or without shortening a control period, and more-
over, since a control output can be converged to be zero after
the end of the control by reducing the control output along
with decrease of residual energy, which 1s a sum of remain-
ing work and kinetic energy of a control system, the present
invention can be utilized as a control method and a control
device for a number of actuators, such as a device mounted
in an automobile etc.

The 1nvention claimed 1s:

1. An actuator control method, using time optimal control
comprising:

a calculation step of calculating a switching time (tl1) at
which an acceleration output 1s switched to a decelera-
tion output, and an end time (t2) of the deceleration
output expressed by an elapsed time from a calculation
time (t0) at which calculation for control 1s performed
using a maximum acceleration (op) and a maximum
deceleration (am) at the time of a maximum output of
a control force of an actuator, which are previously
measured;

a control output step of setting the control force of the
actuator as a maximum acceleration output from the
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calculation time (t0) to the switching time (t1), setting
the control torce of the actuator as a maximum decel-

cration output from the switching time (tl1) to the end
time (12), and ending the output of the control force at
the end time (12);

an update step of repeating the calculation step for each
preset time, and calculating and updating the switching
time (t1) and the end time (12); and

a control output reduction step of reducing the control

output along with decrease of residual energy, which 1s
a sum ol remaining work and Kkinetic energy of a
control system.

2. The actuator control method according to claim 1,
wherein 1n the control output reduction step, values are set
as outputs of the control force, the values being obtained by
multiplying each of the maximum acceleration output and
the maximum deceleration output by the residual energy,
and further multiplying the multiplied values by an energy
gain, which 1s a coeflicient for determining a size of the
control output with respect to the residual energy.

3. The actuator control method according to claim 1,
wherein 1n the update step, values obtained by multiplying
the maximum acceleration and the maximum deceleration
by a control output limit value are recalculated as a new
maximum acceleration and maximum deceleration.

4. The actuator control method according to claim 1,
wherein in the calculation step, given that a trajectory from
a position at the calculation time (10) to a target position at
the end time (12) 1s represented by a combination of adjacent
two quadratic curves, an 1nitial velocity 1s set as VO, and that
deviation of the target position and a controlled varnable 1s
set as X, the switching time (t1) and the end time (t2) are
calculated by Expressions (1) and (2),

|Formula 1]

—2al —a2)VO +

Expression (1)

1 Vel - @22 V0? — 4(al — a2)(VO2 - 2Xa2)el
Il =

2al(al —al)
|Formula 2|
o —(al —a2)l — VO Expression(2)
B 2

where, a1l 1s the maximum acceleration (ap) or the
maximum deceleration (cm) from the calculation time
(t0) to the switching time (t1), and (¢2) 1s the maximum
deceleration (am) or the maximum acceleration (ap)
from the switching time (t1) to the end time (t2).

5. An actuator control device, using time optimal control

comprising:

a memory; and

a processor coupled to the memory and configured to:

calculate a switching time (t1) at which an acceleration
output 1s switched to a deceleration output, and an end
time (12) of the deceleration output expressed by an
clapsed time from a calculation time (t0) at which
calculation for control i1s performed using a maximum
acceleration (ap) and a maximum deceleration (oum) at
the time of a maximum output of a control force of an
actuator, which are previously measured;

set the control force of the actuator as a maximum
acceleration output from the calculation time (t0) to the
switching time (t1), set the control force of the actuator
as a maximum deceleration output from the switching
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time (t1) to the end time (12), and end the output of the
control force at the end time (12);
repeatedly calculate, and update the switching time (t1)
and the end time (t2) for each preset time; and
reduce the control output along with decrease of residual
energy, which 1s a sum of remaining work and kinetic
energy of a control system.

6. The actuator control device according to claim 5,
wherein the processor 1s further configured to set values as
outputs of the control force, the values being obtained by
multiplying each of the maximum acceleration output and
the maximum deceleration output by the residual energy,
and further multiplying the multiplied values by an energy
gain, which 1s a coeflicient for determining a size of the
control output with respect to the residual energy.

7. The actuator control device according to claim 3,
wherein the processor 1s further configured to recalculate
values obtained by multiplying the maximum acceleration
and the maximum deceleration by a control output limait
value, as a new maximum acceleration and maximum decel-
eration.

8. The actuator control device according to claim 3,
wherein given that a trajectory from a position at the
calculation time (10) to a target position at the end time (12)
1s represented by a combination of adjacent two quadratic
curves, an 1nitial velocity 1s set as VO, and that deviation of
the target position and a controlled variable 1s set as X, the
processor 1s further configured to calculate the switching
time (t1) and the end time (t2) by Expressions (1) and (2),

|Formula 1]

—2(a]l —a2)VO +

Expression (1)

VAl - a22V0? — 4(al — a2)(VO? —2Xa2)el

1 el(al — o)

|Formula 2]

—(al —a)il — VO
12 =
a2

Expression(2)

where, al 1s the maximum acceleration (ap) or the
maximum deceleration (cm) from the calculation time
(t0) to the switching time (t1), and a2 1s the maximum
deceleration (cm) or the maximum acceleration (op)
from the switching time (t1) to the end time (t2).

9. The actuator control device according to claim 1,
wherein the acceleration (al) from the calculation time (10)
to the switching time (t1), and the acceleration (a2) from the
switching time (t1) to the end time (12), are determined from
the following Table 1:

Al X>0 V5>0 V04/2am > X al = am, a2 = ap
A2 V0?/2am < X al = ap, 02 = am
A3 Vo =<0 al = ap, a2 = am
A4 X<0 V5>0 al = am, a2 = ap
AS Vo <0 V04 2ap > X al = am, a2 = ap
A6 V0%/2ap <X al = ap, a2 = am

10. The actuator control method according to claim 2,
wherein 1n the update step, values obtained by multiplying
the maximum acceleration and the maximum deceleration
by a control output limit value are recalculated as a new
maximum acceleration and maximum deceleration.
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11. The actuator control method according to claim 2,
wherein in the calculation step, given that a trajectory from
a position at the calculation time (t0) to a target position at
the end time (12) 1s represented by a combination of adjacent
two quadratic curves, an 1nitial velocity 1s set as VO, and that
deviation of the target position and a controlled variable 1s
set as X, the switching time (t1) and the end time (t2) are
calculated by Expressions (1) and (2),

|Formula 1]

— 2]l —a2)VO + Expression (1)

\/ Aal — a2 V02 —4(al —a2)(V02 - 2Xa2)al

71
2ali{al —a2)

|Formula 2]

(el =a2)l - VO Expression(2)

12
a2

where, .l 1s the maximum acceleration (ap) or the
maximum deceleration (cm) from the calculation time
(t0) to the switching time (t1), and (¢2) 1s the maximum
deceleration (om) or the maximum acceleration (ap)
from the switching time (t1) to the end time (12).

12. The actuator control method according to claim 3,
wherein in the calculation step, given that a trajectory from
a position at the calculation time (10) to a target position at
the end time (12) 1s represented by a combination of adjacent
two quadratic curves, an 1nitial velocity is set as VO, and that
deviation of the target position and a controlled varnable 1s
set as X, the switching time (t1) and the end time (t2) are
calculated by Expressions (1) and (2),

|Formula 1]

— 2]l —a2)VO £

Expression (1)

\/ Aal — a2 V0?2 —4(al —a2)(V02 - 2Xa2)x]

1 el(al — a2)

|Formula 2|

o —(al —a2)l - VO Expression(2)

a2

where, .l 1s the maximum acceleration (ap) or the
maximum deceleration (cum) from the calculation time
(t0) to the switching time (t1), and (¢2) 1s the maximum
deceleration (am) or the maximum acceleration (ap)
from the switching time (t1) to the end time (12).

13. The actuator control device according to claim 7,

wherein given that a trajectory from a position at the
calculation time (10) to a target position at the end time (12)
1s represented by a combination of adjacent two quadratic
curves, an 1nitial velocity 1s set as VO, and that deviation of
the target position and a controlled variable 1s set as X, the

processor 1s further configured to calculate the switching
time (t1) and the end time (t2) by Expressions (1) and (2),

|Formula 1]

—2(al —a2)VO +

Expression (1)

\/ Aal — a2 V0?2 —4(al —a2)(V02 —2Xa2)x]

71
2ali{al —a2)
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-continued
|Formula 2]

b —(al —a)rl — VO Expression(2)

a2 5

where, al 1s the maximum acceleration (ap) or the
maximum deceleration (cm) from the calculation time
(t0) to the switching time (t1), and a2 1s the maximum
deceleration (cm) or the maximum acceleration (ap)
from the switching time (t1) to the end time (t2).

14. The actuator control device according to claim 6,
wherein given that a trajectory from a position at the
calculation time (t0) to a target position at the end time (t2)
1s represented by a combination of adjacent two quadratic
curves, an 1nitial velocity 1s set as VO, and that deviation of
the target position and a controlled vanable 1s set as X, the
processor 1s further configured to calculate the switching
time (t1) and the end time (t2) by Expressions (1) and (2),
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|Formula 1]

—2(a]l —a2)VO +

Expression (1)

25

V@l - a2 V02 — (el - a2)(V0? - 2X a2l

1 Yel(el — o)

|Formula 2]

- —(al—a2)l - VO Expression(2)

2
: a2

30

where, ol 1s the maximum acceleration (ap) or the
maximum deceleration (cm) from the calculation time
(t0) to the switching time (t1), and .2 1s the maximum
deceleration (cm) or the maximum acceleration (ap)
from the switching time (t1) to the end time (t2).

15. The actuator control device according to claim 7,

wherein given that a trajectory from a position at the
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calculation time (t0) to a target position at the end time (12)
1s represented by a combination of adjacent two quadratic
curves, an 1nitial velocity 1s set as VO, and that deviation of
the target position and a controlled varnable 1s set as X, the
processor 1s further configured to calculate the switching
time (t1) and the end time (t2) by Expressions (1) and (2),

|Formula 1]

— 2]l —a2)VO +

Expression (1)

\/ Aal — a2 V0?2 —4(al —a2)(V02 = 2Xa2)a]

71
2ali{al —a2)

|Formula 2]

B —(al —a2)l - VO
B a2

E 1on (2
5 Xpression ()

where, .l 1s the maximum acceleration (ap) or the
maximum deceleration (cm) from the calculation time
(t0) to the switching time (t1), and a2 1s the maximum
deceleration (om) or the maximum acceleration (ap)
from the switching time (t1) to the end time (12).

16. The actuator control device according to claim 3,
wherein the acceleration (ap) from the calculation time (t0)
to the switching time (t1), and the acceleration (am) from
the switching time (t1) to the end time (t2), are determined
from the following Table 1:

TABLE 1
Al X>0 V5>0 V0%/2am > X al = am, a2 = ap
A2 V0%/2am < X al = ap, a2 = am
A3 Vo <0 al = ap, a2 = am
A4 X <0 V53>0 al = am, a2 = ap
AS V<0 V0% 2ap > X al = am, a2 = ap
A6 VO 2ap <X al = ap, a2 = am
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